Wireless power transfer (WPT) technology is now recognized as an efficient means of transferring power without physical contact. However, frequency detuning will greatly reduce the transmission power and efficiency of WPT system. To overcome the difficulties associated with the traditional frequency-tracking methods, this paper proposes a Direct Phase Control (DPC) approach, based on Second-Order Generalized Integrator Phase-Locked Loop (SOGI-PLL), to provide accurate frequency-tracking for WPT system. The DPC determines the phase difference between the output voltage and current of the inverter in WPT system, and the SOGI-PLL provides the phase of the resonant current for adjusting the output voltage frequency of the inverter dynamically. Further, the stability of this control method is also analyzed using linear system theory. The performance of the proposed frequency-tracking method is investigated under various operating conditions. Simulation and experimental results convincingly demonstrate that the proposed technique will track the quasi-resonant frequency automatically, and the ZVS operation can also be achieved.
I. Introduction
Wireless Power Transfer (WPT) technology is a kind of promising technique in our daily life. It gets rid of various problems, such as friction and aging. The sparks produced in the transfer are eliminated, which negatively impact the lifespan of electrical equipment and pose a hazard to human safety. Furthermore, WPT can meet the requirements of some special cases, like mining and underwater operations. It also proves to be convenient in such fields as portable electronics, implantable medical instruments, sensor networks and electric vehicle [1] - [3] . However, for a typical WPT system, the inherent parameters of the resonant tank may dynamically drift away from the designed parameters due to load variation and mutual coefficient change [4] , [5] , resulting in frequency detuning. However, frequency detuning will greatly reduce the transmission power and efficiency of WPT system.
Obviously, the topics of the transmission power and efficiency are crucial for WPT system, which is inevitable to the safety and energy preservation [6] , [7] . Accordingly, for the sake of large transmission power as well as high power-delivery efficiency, resonant frequency-tracking for WPT system is of great significance [8] . A typical method of adaptive impedance matching is proposed in [9] ，which is regarded as a kind of passive tracking method. In this method, an adaptive impedance matching network based on a capacitor-matrix is introduced, which can dynamically change the impedance values to maintain a reasonable level of maximum power transfer. However, this kind of method is difficult for hardware implementation. What's more, this method cannot accurately realize impedance matching.
Meanwhile, various frequency-tracking methods have been proposed in the past to assure operation in resonant state for WPT system. The most popular among them is the PLL method [10] . To track the resonant frequency, the method of the PLL with zero-crossing detection is widely used. Unfortunately, it is sensitive to the distortion and disturbance of the input signal [11] , [12] . The Second-Order Generalized Integrator Phase-Locked Loop (SOGI-PLL) based on adaptive filter is widely used in the grid connected converters synchronization techniques. Compared with traditional Phase-Locked Loop (PLL), the SOGI-PLL is less-sensitive to the distortion and disturbance of the input signal [13] , [14] , but it's impossible to accurately regulate the phase difference between the output voltage and current of the inverter in WPT system, which is not conducive to the operation of Soft-Switching. So, to overcome the difficulties associated with the traditional frequency-tracking methods, this paper proposes a Direct Phase Control (DPC) approach, based on SOGI-PLL, to provide accurate frequency-tracking for WPT system. The DPC determines the phase difference between the output voltage and current of the inverter in WPT system, and the SOGI-PLL provides the phase of the resonant current for adjusting the output voltage frequency of the inverter dynamically. Thus, the phase of the resonant current can be detected accurately regardless of the distortion and disturbance, and the dead time imposed by the drivers could be regulated precisely. Moreover, the necessary dead time imposed by the drivers could be compatible with the resonant current phase lag control [15] , [16] . With the proposed method the WPT system can track the quasi-resonant frequency automatically and the ZVS operation can be achieved.
This paper is organized in six sections. After introduction, the resonance principle has been analyzed, which mainly investigates the importance of resonance to improve the transmission power and efficiency. In Section III, the frequency-tracking method is presented. The linearization and stability analysis are discussed in Section IV. In Section V, the performances of the proposed method are presented, and the conclusions and future works are given in Section VI.
II. WPT System and Analysis
Apart from the power source and load as shown in Fig.1 , the WPT system is mainly composed of three parts as follows, the inverter, the coupler and the rectifier. Different from a traditional transformer, the primary and secondary sides of the coupler separate each other. The WPT system is divided into the following two parts by the coupler, the transmitting terminal and the receiving terminal. The introduction of the transmitting terminal which consists of a DC source and a high-frequency inverter makes it possible to provide high-frequency AC current for the primary side of the coupler. At the receiving terminal, the rectifier and circuits of filter are applied, with which the AC voltage that comes out from the coupler is converted into DC voltage. 
Subs (2) into (1), the input impedance of the WPT system is:
(3) According to (3) , the value of the input impedance can be expressed as: (4) According to (3) as well as the principle of the inverter circuit, the RMS value of the fundamental current on the primary side can be expressed as: (5) where is the input DC voltage. Overlooking the loss of the rectifier bridge, according to (2) and (5), the output power can be expressed as: (6) With the help of (3), the input power factor of the equivalent circuit presented in Fig.2 is:
By analyzing equation (4)- (7), the relationships between the output power and the factors which include frequency and load, the input power factor and the factors can be depicted as Fig.3 (a)-(b) respectively. Specifications of the system are displayed in Table I . 3 shows that the output power and the input power factor vary with the factors of frequency and load respectively. What's more, the output power obtains the maximum value at those points where the input power factor close to one exactly，and the WPT system works in resonant state. Thus, for the sake of the maximum output power as well as high transmission efficiency, an effectively control approach should be taken to assure WPT system working in resonant state automatically.
According to equation (3), the phase difference between the output voltage and current of the inverter can be expressed as (8) By analyzing (8) , the relationship between the phase difference and the factors which include the frequency and load can be depicted as Fig.4 . When the WPT system works in resonant state, the phase difference is zero. Accordingly, the resonant points locate in the junctions of the phase-difference plane and the zero-plane. It is evident from (8) that the WPT system works in resonant state when the output voltage and current of the inverter have the same phase angle, which can be realized by controlling the switching frequency of the inverter according to the resonant frequency.
III. Frequency-tracking Mthod
In order to keep the WPT system working in resonant state, a DPC approach as shaded area show in Fig.5 , based on SOGI-PLL, to provide frequency-tracking is proposed. By sensing the primary side current, the output phase angle of SOGI-PLL acts as the control signal for the PWM driver. According to the cosine value of the PWM driver signals are obtained as presented in Fig.6 . Besides, the dead angle between the two sets of gate signals and could be regulated precisely. Where d is a constant whose value is closed to zero nearly and the dead angle is expressed as: With the help of the proposed frequency-tracking method, the output voltage frequency of the inverter in WPT system could track the resonant frequency automatically if the parameter is set to be zero, so the phase difference between the output voltage and current of the inverter will be zero correspondingly. Furthermore, the phase difference could be regulated by parameter of accurately. To realize the above control strategy, the key is to obtain the accurate phase angle . The proposed frequencytracking method, as shown in Fig.7 , is composed of five parts as follows, the Second-Order Generalized Integrator Quadrature Signal Generator (SOGI-QSG), the Park transformation, the DPC, the Low-pass Filter (LF), the Frequency/Phase-Angle Generator (FPG). The proposed method has two feedback loops, with which the FPG provides phase and central frequency for the Park transformation and the SOGI-QSG respectively [17] , [18] . The introduction of the SOGI-QSG will improve the phase detection performance. 
A. SOGI-QSG
The SOGI-QSG is a kind of Adaptive Filter (AF). A traditional filter could merely deal with those signals that lie in the fixed frequency range. What's worse, the parameters of this kind of filter are static and the values have been assigned during the design progress of the filter. However, an AF could adapt its parameters automatically according to the optimization algorithm. In addition, during the design process of an AF the information about the signal to be filtered is not needed at all [19] ， [20] . The SOGI-QSG could deal with those signals that lie in any frequency range. Moreover, it could be used in those occasions with distortion and disturbance.
According to Fig.7 , the transfer functions of the SOGI-QSG can be expressed as (10) (11) where represents the central frequency of SOGI and is the gain of SOGI-QSG.
Supposing that the input signal with distortion is where , , respectively represents the amplitude, angular frequency and initial phase angle of the nth harmonic of the input signal . As a result, the nth harmonic can be indicated as a phasor , the amplitude, angular frequency and initial phase angle are , and respectively. With the help of (10), (11) , the outputs of SOGI-QSG can be expressed as
Once the value of the angular frequency equals to the central frequency , equation (13) can be calculated as
For a critically-damped response we choose just as shown in bode diagram presented in Fig.8 . This value presents a valuable selection in terms of the setting time and overshoot limitation [17] , [18] . It can be observed that the SOGI-QSG possesses band-pass filtering property. The bandwidth of the SOGI-QSG merely relies on the gain rather than the central frequency . As a result, it is suitable for those occasions with frequency variation. From (14), it can be observed that the input signal has the same angular frequency with the central frequency at , and the amplitudes of the outputs share the same values with the input signal. Otherwise, the amplitudes will decay obviously at . What's more, there is a phase difference of between the signals and . In addition, the two orthogonal signals have the same amplitudes with the while the input frequency equals to the central frequency . Thus, the outputs of the SOGI-QSG can be expressed as: (15) where and are the amplitude and phase of the input signal respectively, which equal to the values of the fundamental component of the input signal, whose amplitude, angular frequency and initial phase angle are , and respectively. The dynamic response of SOGI-QSG is presented in Fig.9 , where , and a disturbance of leading phase hits is applied at 19.4 . It evidences that the SOGI-QSG can work well regardless of the distortion and disturbance. By analyzing (18) , the value of reveals the difference between the output phase and the input phase of the PLL. According to Fig.10 we can recognize that (1) At the moment when , it means that axis d ahead of , then the frequency of the PLL should be reduced.
B. Park Transformation
(2) At the moment when , it means that axis d lag behind , then the frequency of the PLL should be increased.
(3) At the moment when , It means that axis d is collinear with .
C. DPC
For the high-frequency application in WPT system, in order to decrease the switching losses, it is essential to assure operation in Soft-Switching mode. What's more, dead time in a voltage source bridge inverter is required to prevent shoot-through current [15] , [16] . The inverter of WPT system is presented in Fig.11-(a) , and the ZVS operation is introduced as shown in Fig.11-(b) . Fig.11-(a) . Inverter of WPT system; (b) ZVS operation. Fig.11-(b) shows that a resonant current phase lag is introduced where , represents the voltage across the MOSFET and the current through the MOSFET respectively, repesents the output resonant current of the inverter. The phase lag refers to the difference between the zero-crossing point of the current and the falling edge of the voltage . The voltage across the MOSFET is zero if the MOSFET turn on during the phase lag and then the ZVS operation will be achieved.
In a real circuit the phase lag is redefined as the difference between the zero-crossing point of the output resonant current and the falling edge of the driver signal of the MOSFET as shown in Fig.12 . In order to assure the ZVS operation, the most important is that the phase lag should be greater than the dead angle . In this paper, the Adaptive Gain (AG) is used and it can be expressed as (19) where is the reference value of the phase difference between the output and input signal of SOGI-PLL and is one of the components of the Park transformation. What's more, the component of as shown in Fig.7 can be expressed as (20) According to (18) - (20), the actual phase difference is The DPC makes it possible that the resonant current phase lag angle has the same value with parameter . Once the dead angle has been assigned, what should be done is that setting the parameter of that is greater than . On the other hand, for the sake of resonant frequency-tracking, the minimum input power factor whose value is nearly close to one is introduced. Therefore, the parameter of should be given by (22) Thus, the necessary dead time imposed by the drivers is compatible with the resonant current phase lag control. In this case, the WPT system operates in a quasi-resonant state and the ZVS operation is achieved.
IV. Linearization and Stability Analysis
According to Fig.13 some relationships can be depicted as the following equations. 
For good transient response, we suggest that the damping ratio . Allow for the lock range of the PLL as depicted in (35), the natural frequency shouldn't be much too low.
What's more, the lock time as presented in (36) is another issue need to be taken into account.
(36)
According to the criteria in the previous analysis, we choose the natural frequency . According to (35), (36) , , the bode plot and the step response are displayed in Fig.15 and Fig.16 respectively. Step response of the PLL system.
With the help of Fig.15 we could hold some information about the PLL system. Firstly, the low-frequency gain of the closed-loop PLL is nearly 0. As a result, at the moment when it works under steady working conditions the PLL system is extremely accurate. Secondly, it has a peak value of 2.3dB at the resonant point indicating that the PLL system shows low overshoot. Thirdly, because of the wide bandwidth the good transient response is obtained. What's more, the system has a large lock range indicating that the PLL can get locked in a single beat with a high initial frequency deviation. As shown in Fig.16 that the system shows good transient response and low overshoot.
V. Performances and Results Analysis

A. Simulation Results Analysis
In order to testify the proposed method discussed above, simulations have been done according to Fig.5 . The main parameters for the simulation system are presented in Table I . In this experiment we choose the load ， the central frequency of PLL z. The WPT system which operates with the DPC approach works in a quasi-resonant state after setting the parameters as discussed above. As a result, the current that out of the inverter in phase with the voltage approximately as shown in Fig.17 The load changes from 16Ω to 8Ω at 6ms. Fig.18 -(a) provides the waveforms of the WPT system that without DPC. As shown in Fig.18-(a) that the transmitter-side voltage is not synchronized with the transmitter-side current at the moment when the load changes. Fig.18-(b) , (c), (d) display some simulation performances of the WPT system that operates with DPC. Fig.18-(b), (c) show that the phase difference between the voltage and the current of the transmitter-side returns to zero approximately at the end of the transition during which the load changes from 16 Ω to 8Ω . Fig.18-(d) shows that at the end of the transition the frequency can be tracked automatically. Fig.19 shows that the factor is approximately equal to one and stabilized enough indicating that the WPT system works in a quasi-resonant state steadily with the stable phase difference between the output voltage and current of the inverter, which is essential to the implementation of the ZVS operation.
B. Experimental Results Analysis
In order to verify the validity of the proposed technique further, the hardware implementation has been done and the experimental results are presented in this paper.
The load changes from 16 Ω to 8 Ω . Fig.20 -(a) provides the waveforms of the frequency-tracking system that without DPC. As shown in Fig.20-(a) that the transmitter-side voltage is not synchronized with the transmitter-side current any more at the moment when the load changes. What's worse, the voltage swings back and forth, the ZVS operation will be doomed to fail. Fig.20-(b) displays the waveforms of the system that operates with DPC. Fig.20-(b) shows that the phase difference between the voltage and the current remains to be zero approximately when the load changes. What's more, a stable and slight phase lag-angle is introduced, resulting in the success of ZVS operation. It's obvious that the system can track the frequency automatically at the moment when the load changes. 21-(a) provides the waveforms of the proposed frequency-tracking system that without any parameter changes. By analyzing the waveforms we can recognize that the system can track the frequency automatically, the ZVS operation can be achieved simultaneously.
On the contrary, we have presented the performance of the proposed algorithm both in distance variation and source-target misalignment.
The distance between the two coils changes from 10cm to 5cm and the waveforms are presented in Fig.21-(b) . Fig.21-(b) shows that the phase difference between the voltage and the current remains to be zero approximately when the distance between the two coils changes. What's more, a stable and slight phase lag-angle is introduced, resulting in the success of ZVS operation.
Secondly, the receiving coil deviated from the central axis of the two coils for about 5cm and the waveforms are presented in Fig.21-(c) . Similarly, Fig.21-(c) shows that the phase difference between the voltage and the current remains to be zero approximately when the receiving coil deviated from its best position. What's more, a stable and slight phase lag-angle is introduced, resulting in the success of ZVS operation.
It's obvious that with the proposed method the system can track the frequency automatically at the moment when the distance between the two coils changes and when the receiving coil deviated from its best position. The ZVS operation can be achieved simultaneously. 
VI. Conclusions and Future Works
In this paper, the importance of the resonant frequency-tracking to WPT system has been testified and a DPC approach, based on SOGI-PLL, to provide accurate frequency-tracking for WPT system is proposed. The DPC determines the phase difference between the output voltage and current of the inverter in WPT system, and the SOGI-PLL provides the phase of the resonant current for adjusting the output voltage frequency of the inverter dynamically. The phase of the resonant current can be detected accurately regardless of the distortion and disturbance. The phase difference of WPT system and the dead angle imposed by the drivers could be regulated precisely. Moreover, the necessary dead time imposed by the drivers could be compatible with the resonant current phase lag control. With the proposed method the WPT system can track the quasi-resonant frequency automatically and the ZVS operation can be achieved. The method not only can be used on the occasions where the load has changed, but also on those occasions where the resonant parameters have changed. With the proposed frequency-tracking method the maximum transmission power and power-delivery efficiency of the WPT system can be obtained, which is of significance to the research and application of WPT system.
The validity of the proposed technique has been demonstrated with the simulation and experimental results. However, there is still something to do to improve the performances during the experimental process. Firstly, the switching frequency can be promoted, if a much more efficient processor is applied, For example, FPGA. Secondly, with the proposed DPC method, the phase compensation can be achieved exactly and it will need to be exploited in the future. It's significant to deal with the phase delay derived from the hardware implementation. In the future we will improve the switching frequency of the inverter in the frequency-tracking system and implement the phase compensation simultaneously.
The proposed method has many advantages to the WPT. However, there are still some possible limitations of the proposed method. Firstly, the SOGI-PLL is computationally expensive and time-consuming algorithm. In order to apply it to WPT application whose operating frequency is high, a much more efficient processor has to be applied and it will increase the cost of WPT system. Secondly, protective measures have to be taken to prevent the damages to the processor and other control circuit during the hardware implementation. Thirdly, the proposed method can be merely applied on those occasions whose output current is sinusoidal.
